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Overview of forward calorimeters for FAIR, NICA, and CERN SPS experiments
A concept of the calorimeter which registers hadrons via their strong interaction with the detector material was for a first time used in late 1950s in a cosmic ray measurements [1] . The calorimeter response can be described in terms of the ratio between the electromagnetic (e) and hadronic (h) components of the shower created inside the detector material. A compensating calorimeter is the one which approaches the compensating condition of e/h ≈ 1. In these proceedings the compensating forward calorimeters designed for the NA61/SHINE at CERN SPS, the CBM at FAIR, and the MPD at NICA are discussed. These forward calorimeters are designed to detect projectile spectators, i.e. the non-interacting nucleons and fragments emitted at very low polar angles in forward direction in nucleus-nucleus collisions. They are used to determine the centrality of a heavy-ion collision and estimate the orientation of the reaction plane for anisotropic flow measurements.
Calorimeters are segmented transversely, which allows to measure the direction and energy of the registered particles, and longitudinally, which provides information about the shower development inside the detector. The module, which is the main element of the NA61/SHINE, CBM, and MPD forward calorimeters, is shown in Fig. 1(left) . The module design includes lead-scintillator sandwich with a group of consecutive scintillator layers read out by a single photon detector via the wave-length shifting (WLS) fibers. The sections with the individual light readout provide the longitudinal segmentation of the module. The light from the WLS-fibers is readout with avalanche photodiodes (APDs). The main differences between the NA61/SHINE, CBM, and MPD calorimeters are in the transverse cross-section of the modules and their number (detector segmentation), layout in the plane transverse to the beam, and readout electronics.
The Projectile Spectator Detector (PSD) of the NA61/SHINE [2] consists of 44 modules, which cover a transverse area of 120×120 cm 2 ( Fig. 1(right) ). The central part of the NA61/SHINE PSD consists of 16 small modules with transverse dimension of 10 × 10 cm 2 , the outer part consists of 28 large 20 × 20 cm 2 modules (transverse layout of modules is shown in Fig. 2(left) ). Each module consists of 60 pairs of alternating lead plates and scintillator tiles with 16 mm and 4 mm thickness, respectively. The stack of plates is tied together with 0.5 mm thick steel tape and placed in a box made of 0.5 mm thick steel. The steel tape and the box are spot-welded together providing
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Forward calorimeters for FAIR, NICA, and CERN SPS experiments V. Mikhaylov appropriate mechanical rigidity. The total length of the module corresponds to 5.7 nuclear interaction lengths. The individual module is capable to register the beam particle, which rate at CERN SPS is reaching 2 × 10 5 ions/sec with beam energy up to 150 AGeV, therefore no beam hole in the calorimeter is needed. The CBM PSD [3] has a similar design to that of the NA61/SHINE. The detector has 44 modules, each consisting of 60 lead/scintillator layers with a surface of 20 × 20 cm 2 (elongated transverse layout is illustrated in Fig. 2, right) . The small 6 cm wide hole in the center of the CBM PSD is needed for the beam which at FAIR is expected to has a very high intensity up to 10 9 ions/sec and energy up to 35 AGeV.
The Zero Degree Calorimeter (ZDC) for the MPD at NICA is also similarly designed [4] . The main differences are the number of modules (84), module size (5 × 5 × 120 cm 3 ), and larger beam hole (10 × 10 cm 2 ). The transverse segmentation of ZDC fits the experimental conditions with beam intensities up to 10 9 ions/sec and energy up to 6.3 AGeV.
Performance of the forward calorimeters is illustrated below based on the PSD module components R&D and Monte-Carlo simulation of the CBM PSD detector response with realistic heavyion collision generators.
Module response and radiation hardness of the detector components
The energy resolution of the modules, linearity of the response, longitudinal shower profile, and compensation parameters were studied at CERN SPS/PS with muon, proton, and pion beams (contaminated by positrons). Figure 3(left) shows the assembled PSD module which was used for the tests. Figure 4 shows the energy resolution (left) and the linearity of the module response (right) for protons with momenta from 3 to 6 GeV. With the current design of the modules and the light readout scheme, the PSD response shows good linearity and the energy resolution of σ E /E < 60%/ E(GeV).
Due to expected high intensities of the ion beams at FAIR it is important to study the radiation hardness of the calorimeter components. The total radiation dose of the PSD simulated with FLUKA [5] for the CBM geometry reaches 5 × 10 12 neutrons/cm 2 for two months of CBM
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Forward calorimeters for FAIR, NICA, and CERN SPS experiments V. Mikhaylov operation [3] . Such radiation dose is not critical for scintillators, but may significantly affect the avalanche photodiode (APD) performance. The radiation hardness of the APDs were studied [6] with neutron fluxes up to 10 13 n/cm 2 . The APDs produced by Hamamatsu (S12572-010P) and Ketek (PM3350) were irradiated at the Cyclotron facility of NPIŘež with a 35 MeV secondary neutron beam with a dose about 10 12 n/cm 2 [7] . When irradiated with a 50 times smaller dose, the APD tests with cosmic muons (see Fig. 3(right) for the cosmic-rays setup) showed that signal and noise peaks are overlapping for the APD produced by Ketek, and are well separated for the APD produced by Hamamatsu. Further investigation revealed the dark current increase by a factor of 10 3 after irradiation and that defects in silicon material can lead to increase of high frequency noise [8] .
Performance for centrality and reaction plane reconstruction
The PSD performance for the collision centrality and the reaction plane reconstruction was studied with GEANT4 Monte-Carlo simulation of the CBM detector response and the DCM-QGSM event generator [9] of heavy-ion collisions. The simulated CBM subsystems are shown in Fig. 5(left) . They are a 250 mm thick Au target, eight silicon tracking stations (STS) located at
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Forward calorimeters for FAIR, NICA, and CERN SPS experiments V. Mikhaylov 30-100 cm far from the target inside the dipole magnet, the aluminum beam pipe with a variable cross section and thickness of a few mm, and the PSD. The distance of the PSD to the target was 8 m for beam energies E b = 2 − 8 AGeV and 15 m for E b = 30 AGeV [3] . The multiplicity of produced particles in the nuclei overlap zone was used as an experimental proxy of the impact parameter b (or the number of participating nucleons) for a given heavy-ion collision. Figure 5 (right) illustrates the centrality determination procedure for Au+Au collisions at the beam energy E b = 10 AGeV [3] . Based on the correlation between the average energy in the PSD and the STS detector multiplicity the events were sorted in centrality classes of 5%. The boundaries between centrality classes are shown by the dashed red lines in Fig. 5(right) . The most right line corresponds to the most central event class. When used in a combination with the STS detector, the PSD helps to improve the overall centrality resolution in 0 − 40% range and allows for centrality determination in narrow centrality classes with a width of at least 5%.
The azimuthal segmentation of the PSD in the plane transverse to the beam direction allows to measure the transverse kick to the spectators in the direction of the collision plane, and thus estimate the reaction plane angle. Figure 6 (left) shows comparison between the reaction plane resolution of the PSD, STS, and the forward time-of-flight (TOF) detector (using only information about azimuthal angles of the charged fragments in the PSD acceptance). The event plane resolution of the forward TOF is quite poor, and the STS shows good resolutions only up to E b ≈ 4 AGeV. Above E b = 4 AGeV the PSD has a significantly better resolution. The results [10] of the simulations with other event generators, such as iQMD, UrQMD, LA-QGSM and HSD, yield in reaction plane resolution which is similar to the one obtained with the DCM-QGSM generator.
The PSD performance was also studied for the following three cases: (a) particle hits in the PSD acceptance (0.215 • < θ < 5.0 • for E b = 2 -8 AGeV and 0.115 • < θ < 2.7 • for E b = 30 AGeV), (b) simulations with magnetic field and (c) simulations without magnetic field. The resulting reaction plane resolution correction factor R 1 = cos(Ψ PSD EP − Ψ RP ) simulated with the DCM-QGSM model is compared with E877 data in Fig. 6(right) . The magnetic field results in a smaller value of the correction factor (worse reaction plane resolution) compared to the results with particle hits in the PSD acceptance which tests the effect of the transverse PSD granularity. In all cases the correction R 1 is in a good range of 0.6 − 0.8 which is compatible to that of the E877 experiment [11] .
Summary
Application of the compensating forward calorimeters for determination of the centrality and estimation of the reaction plane in a heavy-ion collisions at the CERN SPS, FAIR, and NICA experiments is discussed. Their good performance for such application is demonstrated based on simulations of the Projectile spectators Detector (PSD) for the future CBM experiment at FAIR. The performance study shows that combined with the information on particle multiplicity measured by the silicon tracking system, the PSD helps to improve the overall centrality determination in the range of 0 − 40%, and reaction plane determination for beam energies above 4 AGeV.
The beam tests show good energy resolution and linearity of the PSD modules. The radiation hardness tests reveal that the most sensitive part of the PSD components are avalanche photodiodes. Their dark current increases after irradiation by a factor of 10 3 , and defects in silicon material lead to the increase of high frequency noise.
